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THE  LIMITS  OF  INFLAMMABILITY  OF  MIXTURES  OF 
METHANE  AND  AIR. 


By  G.  A.  Burrell  and  G.  G.  Oberfell 


INTRODUCTION. 

This  paper,  one  of  a  series  dealing  with  the  causes  of  mine  explosions, 
records  certain  experiments,  made  at  the  Pittsburgh  experiment 
station  of  the  Bureau  of  Mines,  on  self-propagation  of  flame  in  mix- 
tures of  methane  and  air,  and  shows  the  composition  of  some  coal- 
mine atmospheres. 

Flame  is  said  to  be  self-propagated  through  a  mixture  of  combus- 
tible gas  and  air,  or  combustible  gas  and  oxygen,  when  enough  of 
the  gas  is  present  to  permit  combustion  to  spread  through  the  mix- 
ture from  any  given  point  of  ignition.  Propagation  of  flame  then 
takes  place  from  layer  to  layer  of  the  mixture  without  the  continued 
presence  of  the  source  of  heat  that  started  the  propagation. 

INFLAMMABILITY    LIMITS    DETERMINED   BY    VARIOUS    INVESTI- 
GATORS. 

The  literature  on  the  inflammability  limits  of  methane-air  mix- 
tures is  voluminous.  Below  are  shown  limits  obtained  by  different 
investigators. 

Inflammability  limits  of  methane-air  mixtures  as  determined  by  different  investigators. 


Percentage  of  methane. 

Invest  igator. 

Percentage  of  methane. 

Investigator. 

Lower 
limit. 

Upper 
limit. 

Lower 
limit. 

Upper 
limit. 

Davy  a 

6.  2  to  6. 7 
5.0 
6.0 

6. 0  to  6. 2 
6.3 
5  5 

3. 2  to  3.  67 
2.5 
5.6 
5.8 
5.5 

14.3 

13.0 

11.0 

12.7  to  12.9 

Leprince-Ringuet  h 

Coward  grid  Briusley  « 

5.76 
5.56 
5.20 
5.30 
5.90 
5.30 
5.40 
6.20 
6.50 

Clowes  b 

Eitner  « 

Tecltid 

Perman  e 

Burgess  and  Wheeler  /. . . 

12.8 
11.7 

a  Davy,  Humphrey,  On  the  fire-damp  of  coal  mines,  and  on  methods  of  lighting  the  mines  so  as  to  prevent 
its  explosion:  Trans.  Roy.  Soc.  London,  1816,  p.  1. 

b  Clowes,  Prank,  and  Redwood,  Boverton,  Detection  of  inflammable  gas  and  vapor,  1896,  p.  2. 

c  Eitner,  P.,  Untersuchungen  fiber  die  Explosionsgrenzen  brembarer  Gase  und  Diimpe:  Jour.  Gasbel., 
Jahrg.  45,  1902,  p.  22. 

d  Teclu,  N.,  Zur  Ermittelung  von  Explosionsgrenzen  in  Gasgemengen:  Jour,  prakt.  Chem.,  Bd.75, 1907, 
p.  212. 

e  Perman,  E.  P.,  Limits  of  explosihility  in  gaseous  mixtures:  Nature,  vol.  87,  Sept.  28, 1911,  p.  416. 

/  Burgess,  M.  J.,  and  Wheeler,  R.  V.,  The  lower  limit  of  inflammation  of  mixtures  of  the  paraffin  hydro- 
carbons with  air:  Trans.  Chem.  Soc,  vol.  99, 1911,  pp.  2013-2030. 

g  Clement,  J.  IC,  The  influence  of  inert  gases  on  Inflammable  gaseous  mixtures:  Tech.  Paper  43,  Bureau 
of  Mines,  1913,  24  pp. 

ft  Leprince-Ringuet,  M.  F.,Sur  leslimitesd'inflammabilito  du  grisou:  Compt.rend.,  June  15, 1914,  p.  1793. 

»  Coward,  F.  H.,  and  Briusley,  Frank,  The  dilution  limits  of  inflammability  of 


Chem.  Soc,  vols.  105  and  106,  July,  1914,  pp.  1859-1885. 
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davy's  experiments. 

Davy's  experiments  were  performed  in  a  narrow-necked  bottle  with 
a  capacity  of  6  or  7  cubic  inches.  Ignition  was  brought  about  from 
above  with  a  candle  flame.  In  differentiating  between  the  leaner 
mixtures  with  which  he  worked,  Davy  did  not  use  a  sharp  method  of 
distinction.  With  6.7  per  cent  of  gas  he  stated  that  the  gas  still 
inflamed,  but  the  violence  of  the  combustion  diminished.  With  6.2 
per  cent  of  gas  the  candle  burned  without  explosion  but  with  a  greatly 
enlarged  flame.  This  enlargement  of  flame  was  produced  in  a 
gradually  diminishing  ratio,  as  far  as  30  parts  of  air  to  1  part  of  g;i>, 
or  3.2  per  cent  of  gas. 

CLOWES 'S    RESULTS. 

The  two  values  Clowes  gives  are  (1)  for  ignition  from  below  with  a 
small  flame,  and  (2)  for  ignition  from  above  with  a  small  flame. 
Clowes  was  the  first  to  point  out  that  different  values  can  be  obtained 
by  the  two  means  of  ignition.  His  experiments  were  made  in  a  glass 
cylinder  7.62  mm.  (3  inches)  in  diameter. 

eitner's  experiments. 

Eitner  obtained  6.1  per  cent  of  methane  as  the  low  limit  when  the 
gas  was  ignited  over  water  in  a  burette  having  a  capacity  of  110  c.  c. 
and  a  bore  of  19  mm.,  the  electric  spark  for  igniting  being  near  the 
top.  When  he  used  a  1 -liter  cylinder  of  62-mm.  bore  and  ignited 
from  above  with  a  small  flame,  he  obtained  6.4  per  cent  of  methane 
as  the  low  limit.  Under  the  same  conditions,  except  for  ignition  from 
below,  he  obtained  5.45  per  cent  of  methane  as  the  low  limit.  Eitner's 
experiments  also  bring  out  the  fact  that  different  results  can  be 
obtained  according  to  whether  ignition  is  from  above  or  below. 

WORK    OF   TECLU. 

Teclu  conducted  his  experiments  in  a  glass  cylinder  14  mm.  wide  wit  h 
a  platinum  spark  gap  near  the  top.  The  values  he  obtained  are  so  much 
at  variance  with  other  results  shown  in  this  paper  that  they  probably 
are  in  error.  They  have  been  criticized  by  Burgess  and  Wheelera 
and  by  Coward  and  Brinsley. b  Perman's  results  have  also  been 
criticized  by  Burgess  and  Wheeler0  and  by  Coward  and  Brinsley.'' 
The  authors  of  this  paper  agree  that  the  criterion  of  inllammability 
Perman  used,  namely,  the  movement  of  the  confining  mercury  upon 
ignition  of  the  gas,  was  not  a  reliable  indication,  for  a  distinct,  move- 
ment of  the  mercury  can  be  produced  by  the  combustion  of  enough 

a  Burgess,  J.  M.,and  Wheeler,  R.  V.  The  lower  limit  of  inflammation  of  mixtures  of  the  paraffin 
hydrocarbons  with  air:  Trans.  Chem.  Soc.,  vol.  99,  1911,  pp.  2013-2030. 

6  Coward,  F.  H.,  and  Brinsley,  Frank.,  The  dilution  limits  of  inflammability  of  gaseous  mixtures: 
Jour.  Chem.  Soc.,  vols.  105  and  106,  July,  1914,  pp.  1859-1885. 

e  Burgess,  J.  M.,  and  Wheeler,  R.  V.,  loc.  cit. 

d  Coward,  F.  H.,  and  Brinsley,  Frank,  loc.  cit. 
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gas  to  cause  a  decided  rise  in  pressure.  This  quantity  of  gas  may  be 
much  less  than  the  lower  limit  of  complete  inflammability.  Burgess 
and  Wheeler's  results  were  obtained  by  using  a  2-liter  spherical  glass 
vessel  and  igniting  the  gas  at  the  middle  with  an  electric  flash. 
Coward  and  Brinsley  a  repeated  some  of  their  work  and  concluded 
that  even  Burgess  and  Wheeler's  vessel  was  not  large  enough  to  dem- 
onstrate that  self-propagation  of  flame  would  be  indefinitely  pro- 
longed in  a  5.6  per  cent  mixture.  The  lowest  value  that  Coward  and 
Brinsley  obtained,  however  (as  the  result  of  one  experiment  only), 
was  only  0.3  per  cent  less  than  that  obtained  by  Burgess  and  Wheeler. 

Clement's  results. 

Clement  obtained  a  lower  limit  of  5.8  per  cent  of  methane  when  he 
sparked  the  mixture  at  the  top  in  a  Hempel  pipette.  When  he  used 
a  steel  container  of  2-liter  capacity  and  ignited  the  mixtures  at  the 
middle  with  an  electric  flash  brought  about  by  drawing  apart  two 
wires  through  which  a  current  of  1§  amperes  was  flowing  at  220  volts 
pressure,  the  lower  limit  was  5.5  per  cent  of  methane. 

leprince-ringuet's  experiments. 

Leprince-Ringuet's  results  were  obtained  by  sparking  the  mixtures 
in  a  tube  27  mm.  in  diameter.  When  ignition  was  brought  about  from 
the  top  downward  he  obtained  5.76  per  cent  of  methane  as  the  lower 
limit.  When  the  tube  was  held  horizontally  he  obtained  5.56  per 
cent,  and  when  it  was  held  vertically  and  ignition  brought  about  from 
the  bottom  upward  he  obtained  5.20  per  cent. 

RESULTS    OBTAINED    BY    COWARD    AND    BRINSLEY. 

Coward  and  Brinsley  obtained  5.4  per  cent  of  methane  for  ignition 
with  a  spark  from  the  bottom  upward,  using  a  tube  50  cm.  lone 
and  4  cm.  wide,  closed  at  the  top.  When  the  gas  was  sparked  from 
the  top  they  obtained  5.9  per  cent.  When  they  used  an  1 1 -liter  bottle 
they  found  that  propagation  was  complete  with  6.2  per  cent  of 
methane  when  the  mixture  was  sparked  from  the  top.  When  they 
used  a  large  box  of  170-liter  capacity,  30  cm.  square  section,  and  1.8 
meters  long,  they  obtained  complete  propagation  with  5.3  per  cent  of 
methane.  This  was  the  result  of  only  one  experiment.  When  they 
used  a  tube  1.5  meters  long  (diameter  not  given)  they  obtained 
complete  propagation  with  5.5  per  cent  of  methane.  Coward  and 
Brinsley  criticize  all  previous  experiments  on  the  grounds  that  the 
results  obtained  were  too  dependent  on  the  size  and  shape  of  the 
vessel  used,  in  that  the  vessels  employed  were  not  large  enough  to 
allow  sufficient  of  the  mixture  to  bo  traversed  by  the  flame  to  make 

a  Coward,  F.  H.,  and  Brinsley,  Frank,  lot',  cit. 
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sure  that  its  propagation  was  dependent  solely  on  the  heat  of  its  own 
combustion,  after  the  heat  from  the  initial  source  had  been  dissipated. 
Another  point  they  bring  out  is  that  in  weak  mixtures  the  flame 
travels  more  slowly  than  the  convection  current  of  gas  rises;  hence 
mixtures  that  will  burn  when  ignited  from  below  will  not  burn  when 
the  spark  or  igniting  flame  is  placed  at  the  upper  boundary.  They 
add  that  the  vessel  containing  the  mixture  must  be  so  constructed 
as  to  allow  free  expansion  of  the  heated  products  of  combustion  and 
thereby  avoid  compression  of  the  unbumed  gases.  Coward  and 
Brinsley  put  forward  as  true  limit  mixtures  those  in  which  the  flame 
is  self-propagated  upward  indefinitely. 

GENERAL    CRITICISMS    BY    BURGESS    AND    WHEELER. 

Burgess  and  Wheeler, a  in  an  article  subsequent  to  that  of  Coward 
and  Brinsley,  state  that  it  is  not  desirable  to  restrict  the  use  of  the 
term  "limit  mixture."  They  regard  as  dangerous  those  mixtures  in 
which  flame  is  propagated  indefinitely  in  a  horizontal  direction, 
because  such  mixtures  would  be  dangerous  in  the  galleries  of  a  coal 
mine.  Mixtures  through  which  flame  will  travel  from  the  bottom 
upward  they  regard  as  dangerous  in  that  they  could  convey  flame  to 
richer  mixtures.  By  central  ignition  in  a  large  glass  globe  Burgess 
and  Wheeler  obtained  5.6  per  cent  of  methane  as  the  low  limit.  Using 
a  vertical  tube  6  cm.  in  diameter  and  2  meters  long,  closed  at  both 
ends,  they  obtained  a  limit  of  not  less  than  5.4  per  cent  if  the  mixture 
was  ignited  at  the  bottom,  and  6  per  cent  if  the  mixture  was  ignited 
at  the  top. 

GENERAL    COMMENTS. 

It  is  evident  that  each  limit  of  inflammability  of  any  given  mixture 
of  methane  and  air  can  not  be  definitely  fixed  at  one  value,  so  as  to 
cover  all  conditions  of  experiment.  Careful  experimenters  have 
obtained  different  results  under  different  conditions. 

That,  the  diameter  of  the  tubes  may  be  so  small  as  to  cool  the  flame 
and  hinder  combustion  has  been  shown  by  Mallard  and  Le  Chatelier,6 
working  with  methane  and  air,  and  by  Le  Chatelier,  working  with 
acetylene  and  airc  and  other  mixtures.  The  diameter  of  the  tube- 
necessary  to  avoid  cooling  by  the  walls  and  consequent  retardation 
of  the  flame  was  found  to  be  greater  the  slower  the  speed  of  the  flame. 
For  the  most  slowly  moving  flames  in  mixtures  of  methane  and  air  a 
tube  at  least  5  cm.  in  diameter  is  necessary.  The  speed  of  travel  of 
flame  in  a  tube  9  cm.  in  diameter  is  slighlly  greater  than  that  in  a 

a  Burgess,  M.  J.,  and  Wheeler,  R.  V.,  The  limits  of  inflammability  of  mixtures  cf  methane  and  air:  Jour. 
Chem.  Soc.,  vols.  105  and  100,  November,  1914,  pp.  2591-2596. 

6  Mallard,  F.  E.,  and  Le  Chatelier,  H.,  Iiecherches  expenmentalcs  et  theoriques  sur  la  combustion  des 
melanges  g&seux  explosifs.    Ann.  des.  mines,  t.  4,  1.883,  p.  274. 

«  Le  Chatelier,  H.,  Sur  la  combustion  de  l'ac^tylene:  Compt.  rend.,  t.  121, 1895,  pp.  1144,1147. 
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tube  5  cm.  in  diameter.  Le  Chatelier  found  that  the  maximum  speed 
in  methane-air  mixtures  was  not  obtained  with  a  mixture  containing 
9.47  per  cent  of  methane — that  is,  the  quantity  of  methane  required 
for  complete  combustion — but  with  a  mixture  containing  12  per 
cent  of  methane.  Wheelera  repeated  Le  Chatelier's  experiments, 
but  did  not  confirm  the  12  per  cent  value.  He  found  that  there  is 
practically  no  difference  between  the  speeds  attained  in  mixtures  con- 
taining 9.45  to  10.55  per  cent  of  methane. 

That  initial  pressures  and  temperatures  may  be  rather  high  without 
appreciably  affecting  the  limits  is  shown  by  recent  work  at  the  Bureau 
of  Mines  laboratories. 


EXPERIMENTS  TO  DETERMINE    LOW  LIMIT  OF  INFLAMMABILITY 
OF  METHANE- AIR  MIXTURES. 

Methane  for  the  authors'  experiments  was  obtained  from  a  natural- 
gas  well  near  Pittsburgh,  Pa.  Steel  cylinders  were  filled  at  the  pres- 
sure of  the  well,  190  pounds  per  square  inch,  and  brought  to  the 
laboratory.  Analysis  of  the  gas  showed  it  to  contain  98.8  per  cent  of 
methane,  a  trace  (0.03  per  cent)  of  carbon  dioxide,  and  nitrogen. 

In  experiments  with  a  wood-and-glass  box  and  with  an  iron  pipe, 
both  described  in  subsequent  sections  of  this  report,  the  gases  were 
partly  saturated  with  moisture.  In  experiments  with  smaller  glass 
containers  they  were  completely  saturated  at  the  temperature  of  the 
laboratory. 

EXPERIMENTS    WITH    WOOD-AND-GLASS    BOX. 

A  wood-and-glass  box  (fig.  1),  5|  feet  (1.75  meters)  high  and  1  foot 
(30.5  cm.)  square,  and  having  a  capacity  of  5f  cubic  feet  (163  liters), 


Figure  1. — Wood-and-glass  box  used  in  inflammability  tests. 

was  used  to  confine  some  of  the  mixtures.  A  fan  placed  at  the  ex- 
treme bottom  of  the  box  served  to  mix  the  gases  prior  to  ignition, 
which  was  caused  by  drawing  apart  two  copper  wires,  through  wdiich 
an  electric  current  of  7  amperes  at  220  volts  was  flowing.  The  wires 
were  placed  at  the  bottom  of  the  box  just  above  the  fan.     Samples  of 

a  Wheeler,  R.  V.,  The  propagation  of  flame  in  mixtures  of  methane  and  air:  Jour.  (hem.  Soc.,  vols. 
105  and  106,  November,  191 1,  pp.  2000-2613. 
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gas  taken  both  at  the  bottom  and  at  the  top  of  the  box  showed  that 
the  fan  mixed  the  gases  thoroughly.  An  aperture  at  the  top  of  the  box 
was  covered  with  a  tight  paper  diaphragm.  Upon  ignition  of  the  gas 
the  diaphragm  broke  and  gave  a  vent  for  the  burned  gases. 

RESULTS    WITH   IGNITION    FROM   THE    BOTTOM. 

Table  1  following  shows  the  results  of  the  experiments  in  which  the 
large  box  was  used,  ignition  being  from  the  bottom  upward. 

Table  1. — Low  limit  of  inflammability  of  mixtures  of  methane  and  air  obtained  with  a 
box  of  5\  cubic  feet  capacity;  ignition  from  bottom;  top  closed. 


Test 

Percentage  of 
CH4— 

No. 

At  top 
of  box. 

At  bot- 
tom of 
box. 

Remarks. 

1 
2 
3 

4 

5 
6 

7 

8 

'.i 
10 

4.6 

4.8 

4.8 

4.9 
5.0 

1.9 

0.1 

."..4 
5.5 

4.5 
4.6 
4.8 

4.8 

4.8 
4.9 

5.0 

5.1 

:>.  1 
5.5 

Circular  flame  3  to  6  inches  in  diameter  traveled  to  the  middle  of  the  box,  where  it 

died. 
Circular  sheet  of  flame  2  to  4  inches  in  diameter  traveled  almost  to  the  middle  of 

the  box  and  died. 
Circular  flame  3  to  6  inches  in  diameter  traveled  to  the  middle  of  the  box,  where 

it  died. 
Circular  sheet  of  flame  3  to  6  inches  in  diameter  traveled  to  the  middle  of  the  box 

and  died. 
Do. 
Flame  expanded  as  it  traveled  upward;  from  the  middle  to  the  top  of  the  box  the 

flame  occupied  the  entire  cross  section. 
Flame  traveled  to  top  slowly,  but  did  not  appear  to  completely  fill  the  cross  sec- 
tion at  anv  point  in  its  passage. 
Flame  expanded  and  at  a  short,  distance  above  the  terminals  it  appeared  to  fill  the 

ent  ire  cross  section  in  passing  to  the  top  of  the  box. 
Flame  appeared  to  occupy  entire  crass  section  in  passing  from  the  terminal  to  the 

top  of  the  box. 

In  the  experiments  the  lower  limit,  with  inflammation  upward, 
was  about  4.9  per  cent  of  methane.  This  value  is  considerably  lower 
than  that  of  Coward  and  Brinsley  and  is  contrary  to  the  statement  of 
Burgess  and  Wheeler  that  the  lower  limit  of  upward  propagation  of 
flame  contains  not  less  than  5.4  per  cent  of  methane. 

KI'.SI  ITS    U11KN    PAPER    DIAPHRAGM    WAS    PULLED    OFF. 

In  order  to  determine  whether  the  paper  diaphragm  at  the  top  of 
the  box  had  any  appreciable  affect  in  fixing  the  limits  because  of 
the  slight  pressure  it  would  exert  on  the  mixtures  before  it  was  dis- 
rupted by  the  force  of  the  explosion,  some  experiments  were  made 
in  winch  the  diaphragm  was  pulled  off  the  top  of  the  box  at  the 
moment  the  mixtures  were  ignited.  In  this  maimer  free  expansion 
of  the  heated  products  of  combustion  was  allowed  and  compression 
of  the  burnt  gases  thereby  avoided.  The  results  tire  shown  in  Table 
2  following: 
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Table  2. — Results  of  experiments  on  the  loiv  limit  of  methane-air  mixtures;  ignition  from 

bottom;  top  of  box  open. 


Total 
No. 


Percentage  of 
CH4— 


At  top 
of  box. 


At  bot- 
tom of 
box. 


Remarks. 


4.6 
4.7 
4.9 
5.0 
5.3 


4.7 
4.9 
5.0 
5.3 


Sheet  of  flame  about  2  inches  in  diameter  traveled  upward  about  2  feet. 
Sheet  of  flame  2  or  3  inches  in  diameter  traveled  upward  2  or  3  feet. 
Flame  traveled  to  within  1  foot  of  top  of  box. 

Flame  traveled  to  top  of  box  and  occupied  entire  cross  section  of  box. 
Do. 


The  results  show  that  under  the  conditions  of  the  tests  the  low 
limit  was  between  4.9  and  5  per  cent  methane  and  that  the  pressure 
in  the  first  experiments  caused  by  the  paper  diaphragm  was  not 
enough  to  influence  the  results. 


RESULTS    WITH   IGNITION    PROM   THE   TOP. 


The  conditions  of  the  next  experiments  were  similar  to  those  repre- 
sented in  Table  1,  except  that  ignition  was  effected  from  the  top  of 
the  box,  and  the  paper-covered  diaphragm  was  placed  at  the  bottom 
in  some  experiments  and  at  the  top  in  others.  The  results  are  shown 
in  Tables  3  and  4  following. 

Table  3. — Results  of  experiments  on  the  low  limit  of  inflammability  of  methane-air  mix- 
tures; ignition  at  top  of  box;  aperture  al  bottom. 


Test 
No. 

Percentage  of 
CH4— 

At  top 
of  box. 

At  bot- 
tom of 
box. 

Remarks. 

1 
2 
3 
4 

5 
6 

4.S 
5.0 
5.3 
5.3 

5.4 
5.5 

4.9 
5.0 
5.2 
5.4 

5.5 
5.5 

No  flame  downward. 

Flame  traveled  downward  IV  feet. 

Flame  traveled  downward  about  2  feet. 

Flame  appeared  to  fill  entire  cross  section  of  box  and  traveled  downward  about  3 

feet. 
Flame  traveled  to  bottom  of  box. 
Do. 

Table  4. — Results  of  experiments  on  the  low  limit  of  inflammability  of  methane-air  mix- 
tures; ignition  and  aperture  at  top  of  box. 


Test 

No. 

Percentage  of 
CH4— 

At  top 
of  box. 

5.3 
5.3 
5.3 
5.  1 
5.5 
5.5 
5.6 
5.6 
5.7 
5.9 

At  bot- 
tom of 
box. 

Remarks. 

1 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

5.2 
5.4 
5.4 
5.4 
5.4 
5.5 
5.0 
5.6 
5.  S 
5.7 
5.9 

Flame  did  not  travel  downward. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 
Flame  traveled  to  bottom,  occupying  entire  cross  section  in  its  passage. 
Flame  traveled  downward,  slowly  and  evenly,  and  occupied  entire  cross  sect  ion  of 
the  box. 
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The  experiments  showed  the  lower  limit  of  inflammability  of 
methane-air  mixtures  to  be  between  5.4  and  5.5  per  cent  of  methane 
with  the  aperture  at  the  bottom,  and  between  5.7  and  5.8  per  cent 
with  the  aperture  at  the  top. 

RESULTS    WITH   BOX   PLACED   HORIZONTALLY. 

Tests  were  also  made  to  determine  the  lower  limit  with  the  box  in 
a  horizontal  position.     The  results  are  shown  in  Table  5  following. 

Table  5. — Results  of  inflammability  tests;  box  in  horizontal  position. 


Test 

No. 

Percentage  of 
CJI,  — 

At  top 
of  box. 

At  bot- 
tom of 
box. 

Remarks. 

1 

2 

3 
4 

5.4 
5.8 

5.7 
0.0 

5.5 
5.6 

5.  7 
6.1 

Flame  traveled  along  the  upper  side  of  the  box  for  about  2  fe°i . 
Flame  traveled  the  entire  length  and  almost  occupied  the  entire  cro^s  section  of 
the  box. 

Do. 

Do. 

The  experiments  showed  that  under  the  conditions  the  lower  limit 
for  horizontal  propagation  of  flame  was  between  5.5  and  5.6  per  cent 
of  methane. 

EXPERIMENTS    WITH    HEMPEL    EXPLOSION     PIPETTE. 


RESULTS    WITH    IGNITION     AT    TOP. 


Table  6  following  shows  the  results  of  inflammability  tests  in  which 
a  100  c.  c.  Hempel  glass  explosion  pipette  (fig.  2)  was  used.  Mercury 
was  used  as  the  confining  liquid  and  two  platinum  wires  were  placed 
at  the  top  of  the  vessel.  The  spark  for  ignition  of  the  gaseous  mix- 
tures was  obtained  from  an  induction  coil  driven  by  four  dry  cells 
and  was  applied  at  the  top  of  the  pipette. 

Table  6. — Results  of  experiments  to  determine  low  limit  of  complete  inflammation  oj 
methane-air  mixtures  in  a  Hempel  explosion  pipette,  i<j nit  ion  from  top. 


Pest 
No. 

Percent- 
age of 
CH4. 

Remarks. 

1 
2 

3 

4 
5 

4.9 
5.4 

5.6 
5.9 

No  propagation  of  flame. 

Do! 

Flame  entirely  filled  vessel. 
Do. 

The  experiments  showed  that  the  lower  limit  of  inflammation  for 
the  conditions  used  was  between  5.5  and  5.6  per  cent  of  methane, 
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corresponding  to  results  obtained  under  the  same  conditions  at  differ- 
ent times  at  the  Pittsburgh  experiment  station  of  the  Bureau  of 
Mines.  k 

RESULTS    WITH    IGNITION'     AT 
BOTTOM. 

Some  of  the  mixture 
used  in  test  1  was  also  ex- 
ploded in  the  wood-and- 
glass  box,  ignition  being- 
effected  at  the  bottom. 
The  proportion  of  me- 
thane in  both  the  bottom 
and  the  top  of  the  box  was 
4.9  per  cent.  The  flame 
widened  as  it  traveled  to 
the  top,  where  it  occupied 
almost  the  entire  cross 
section. 

The  result  of  the  experi- 
ment duplicates  closely  the 


Figure  2. — Uempel  explosion  pipette  used  in  inflamma- 
$       bility  tests. 


result  obtained  with  a  similar  percentage   of  methane  and   air  in 
Table  1. 


EXPERIMENTS    WITH    2,800-C.    C.    GLASS    VESSEL. 

Further  experiments  in  which  a  glass  vessel  of  2,800  c.  c.  capacity 
(fig.  3)  was  used  were  made.  The  vessel  was  5  inches  (12.7  cm.)  wide 
and  12  inches  (30  cm.)  high.  The  neck  was  sharply  contracted  to  a 
diameter  of  2£  inches  (6.3  cm.).  A  close-fitting  paper  diaphragm 
covered  the  top  part.  Two  copper  wires  carrying  a  current  of  7 
amperes  at  220  volts  met  at  the  bottom  of  the  vessel.  Ignition  was 
brought  about  by  pulling  the  wires  apart. 


RESILTS    WITH    KJNITION    FROM    BOTTOM. 


In  the  first  series  of  tests  ignition  was  from  the  bottom  upward. 
Tabic  7  following  shows  the  results: 

Table  7. — Results  of  experiments  to  determine  low  limit  of  inflammability  of  methane- 
air  mixtures,  in  a  2,800-c.  c.  glass  vessel;  ignition  from  bottom  upward. 


Remarks. 


Narrow  flame  traveled  upward  about  2  to  3  inches. 

Narrow  flame  1  to  2  inches  wide  traveled  to  the  top  of  the  jar,  lifting  the  paper  cover. 

Narrow  flame  about  1  inch  wide  traveled  to  the  top  of  the  jar.     Flaine  did  not  appear  to 
widen  as  it  traveled  upward. 

A  flame  the  entire  width  of  bottle  traveled  to  the  top,  throwing  oiT  the  paper  cover.   In- 
flammation accompanied  by  report. 
Do. 
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Figure  3. — Glass  explosion  vessel  used  in  inflammability 
tests. 


The  results  with  the  2,800-c.  c.  jar,  with  ignition  from  the  bottom, 
may  be  summarized  as  follows:  With  5  and  5.1  per  cent  of  methane  a 

narrow  flame  1  to  2  inches 
wide  traveled  to  the  top  of 
the  jar;  with  5.2  per  cent 
the  flame  (as  far  as  the  eye 
could  detect)  filled  the  jar 
in  its  travel  upward. 

GENEEAL    COMMENTS    ON 
THE    TESTS. 

In  connection  with  the 
tests  described  above  no 
analyses  were  made  of  the 
products  of  combustion, 
the  observations  being  con- 
fined to  the  results  as  seen 
by  the  eye.  Unquestionably  much  methane  remained  unburned  in 
some  of  the  mixtures  through  which  the  flame  traveled,  but  the  object 
of  the  investigation  did  not  concern  itself  with  the  completeness  of 
combustion  but  with  the  propagation  of  flame  through  the  mixtures. 
The  authors  know  of  no  reason  why  in  those  mixtures  in  the  large 
box  that  did  propagate  flame  to  the  top  the  propagation  should 
not  have  been  indefinite. 

EXPERIMENTS  TO  DETERMINE  UPPER  LIMIT  OF  INFLAMMABILITY 
OF   METHANE -AIR   MIXTURES. 

Experiments  to  determine  the  upper  limit  of  propagation  of  flame 
in  mixtures  of  methane  and  air  have  not  been  as  numerous  as  those 
to  determine  the  lower  limit,  principally  because  the  lower  limit  is  the 
dangerous  one  and  hence  the  one  whose  determination  is  most 
important. 

THEORETICAL    UPPER    LIMIT. 

In  a  methane-air  mixture  containing  9.47  per  cent  of  methane  and 
90.53  per  cent  of  air  is  enough  oxygen  for  complete  combustion  of  the 
methane  to  carbon  dioxide  and  water  vapor.  If  more  methane  is 
present,  the  products  of  incomplete  combustion,  carbon  monoxide 
and  hydrogen,  result.  If  the  methane  in  excess  of  9.47  per  cent 
remained  inert  like  nitrogen  and  had  the  same  specific  heat,  it 
would,  like  nitrogen,  act  as  a  diluent;  the  speed  of  the  reaction  would 
be  reduced  by  the  presence  of  less  and  less  oxygen  until  in  a  mixture 
containing  about  23  per  cent  of  methane  and  77  per  cent  of  air  no 
explosion  could  be  obtained.  In  such  a  mixture  there  would  be  16 
per  cent  of  oxygen.     But  it  is  actually  found  that  the  upper  limit  is 
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not  as  high  as  23  per  cent,  principally  because  the  excess  methane 
does  not  remain  inert  but  forms  carbon  monoxide  and  hydrogen. 
Although  the  reaction  produces  heat,  it  also  takes  oxygen  that  would 
otherwise  form  carbon  dioxide  and  water  vapor.  Much  more  heat 
is  formed  in  the  reaction  that  produces  the  latter 
substances,  so  that  the  net  result  is  that  much 
less  heat  is  produced  than  would  be  if  the  ex- 
cess methane  remained  inert. 

If  the  methane  were  mixed  with  oxygen,  com- 
bustion should  be  complete  in  mixtures  contain- 
ing up  to  33.3  per  cent  methane.  With  higher 
percentages,  products  of  incomplete  combustion 
form  and  explosions  occur  until  the  volume  of 
products  formed  is  sufficient  to  slow  the  reaction 
until  not  enough  heat  is  developed  to  raise  the 
gases  to  their  ignition  temperature.  The  authors 
found  from  their  experiments  in  a  Hempel  ex- 
plosion pipette  that  the  upper  limit  for  methane- 
oxygen  mixtures  was  about  45  per  cent. 


EXPERIMENTS    WITH    AN    IRON    PIPE. 

Experiments  on  the  upper  limit  of  flame 
propagation  in  mixtures  of  methane  and  air 
were  made  in  an  iron  pipe  (fig.  4),  12  inches 
(30  cm.)  in  diameter  and  7  feet  (2.13  meters) 
high,  with  a  capacity  of  172  liters.  The  flame 
could  be  noted  through  narrow  glass  windows, 
one  above  the  other.  An  asbestos  cord  lubri-  ' 
cated  with  graphite  and  passing  through  a 
mercury  trap  was  fastened  on  the  inside  to  a 
weighted  paper  disk  that  could  be  moved  up 

and  down  to  mix  the  gases.  Pairs  of  copper  FiGURE4.-ronstructionoMron 
wires  entered  both  the  top  and  the  bottom  P'i)e  used  in  inflammability 
of  the  pipe.    Each  pair  of  wires  could  be  pulled 

apart  while  an  electric  current  was  flowing,  thereby  producing  a  flash 
and  affording  a  means  of  igniting  the  mixtures  either  from  Liic  .op 
downward  or  from  the  bottom  upward.  An  electric  current  of  7 
amperes  and  220  volts  was  used.  A  paper  diaphragm  covered  an 
aperture  8^  inches  (22  cm.)  in  diameter  at  the  top  of  the  pipe,  and 
its  disruption  allowed  a  vent  for  the  burned  gases  after  an  explosion. 
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INFLAMMABILITY    OF    MET!  I  A  X  E-AIR    MIXTURES. 
RESULTS   WITH    [GNITION    AT  TOP. 


The  following  table  shows  the  results  obtained  when  ignition  was 
effected  from  the  top  downward : 

Table  8. — Results  of  experiments  to  determine  upper  limit  of  propagation  of  flame  in 
mixtures  of  methane  and  air  in  iron  pipe;  ignition  from  top. 


Percentage  of 

CH4  in— 

Test 

Remarks. 

No. 

Top  of 

Bottom 

pipe. 

of  pipe. 

1 

12.3 

12.  6 

Loud  report  followed  by  rumbling  sounds;  flame  traveled  downward  to  the 
bottom  of  the  pipe;  flame  also  emitted  from  aperture. 

3 

13.1 

13.3 

Results  similar  to  those  in  test  1,  although  report  not  as  loud  and  velocity  of 
flame  not  as  great. 

3 

13.4 

13.5 

Results  similar  to  those  in  test  1,  although  report  not  as  loud;  also  the  flame  was 
longer  in  traveling  to  the  bottom  of  the  pipe. 

4 

13.9 

13.  9 

Flame  traveled  downward  in  an  irregular  manner.  Sometimes  it  appeared  to 
be  almost  extinguished;  then  it  would  widen  and  occupy  almost  the  entire 
cross  section  of  the  pipe.    Flame  became  extinguished  V,  feet  from  the  bottom. 

5 

14.3 

11.4 

Flame  did  not  travel  downward. 

6 

14.9 

14.  S 

Do. 

7 

15.0 

Do. 

8 

15.6 

15.  3 

Do. 

The  above  experiments  showed  the  upper  limits  of  propagation 
of  flame  to  be  between  13.5  and  13.9  per  cent  of  methane  when  the 
mixture  was  ignited  from  the  top  downward. 


RESULTS    WITH    IGNITION    AT    BOTTOM. 


Table  9,  following,  shows  the  results  of  experiments  to  determine 
the  upper  limits  of  propagation  of  flame  in  mixtures  of  methane  and 
air  when  ignition  was  effected  from  the  bottom  upward.  The  same 
arrangement  of  apparatus  was  used  as  in  the  foregoing  experiments, 
except  that  the  electric  flash  was  produced  at  the  bottom  of  the  pipe. 

Table  9. — Results  of  experiments  t<>  determine  upper  limit  of  propagation  of  flam*   in 
mixtures  of  methane  and  air  in  iron  pxpe;  ignitionfrom  l>t>tt<>iu. 


Test 

Percentage  of 
CIL  in- 

Remarks. 

No. 

Top  of 
pipe. 

Bottom 
of  pipe. 

1 
2 
3 
4 

14.3 
14.9 
15.0 
15.6 

14.4 
14.8 

15.  3 

Loud  report  when  mixture  was  ignited  from  below;  flame  traveled  to  top  rap- 
idly; gas  burned  above  aperture  for  a  short  time. 

Flame  traveled  to  top.  There  was  an  appreciable  interval  between  the  Hash  of 
(he  electric  arc  ami  the  appearance  <>f  flame  and  report. 

Flame  accompanied  by  report  upon  arcking  second  time.  Flame  went  to  top 
of  pipe. 

Flame  did  not  travel  upward  any  appreciable  distance. 

The  experiments  showed  the  upper  limit  of  flame  propagation  in 
mixtures  of  methane  and  air  to  be  between  15  and  15.4  per  cent 
when  ignition  was  brought  about  from  the  bottom  upward. 
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EXPERIMENTS    IN    HEMPEL    EXPLOSION    PIPETTE. 

Experiments  were  next  made  to  determine  the  upper  limit  of 
complete  propagation  in  the  Hempel  explosion  pipette,  shown  in 
figure  1.  It  had  a  capacity  of  100  c.  c.  Mercury  was  used  as  the 
confining  fluid.     Ignition  was  brought  about  from  the  top  downward. 

Near  the  top  of  the  vessel  were  platinum  wires,  across  which  a 
spark  was  made  to  jump  by  means  of  an  induction  coil  driven  by 
four  dry  cells. 

Table  10. — Results  of  experiments  to  determine  the  upper  limit  of  flame  propagation  in 
mixtures  of  methane  and  air  in  a  Hempel  explosion  pipette. 


Test 

No. 

Percent- 
age of 
CII4. 

Remarks. 

1 
2 
3 

12.4 
13.2 
13.4 

Flame  completely  filled  the  pipette. 
No  visible  effect." 
Do. 

The  above  experiments  showed  the  upper  limit  of  flame  propaga- 
tion in  mixtures  of  methane  and  air  to  be  between  12.4  and  13.2  per 
cent  of  methane  in  the  Hempel  explosion  pipette,  with  ignition  from 
the  top.  The  result  is  somewhat  lower  than  that  obtained  by 
ignition  from  the  top  in  the  iron  pipe. 

SIGNIFICANCE    OF   RESULTS   OF   EXPERIMENTS. 

The  value  of  the  results  obtained  by  the  foregoing  experiments 
lies  in  their  application  to  the  occurrence  of  methane-air  mixtures  in 
coal  mines.  The  experiments  showed  that  flame  will  travel  upward 
in  mixtures  too  lean  to  cause  it  to  travel  downward,  and  will  travel 
horizontally  in  mixtures  containing  a  percentage  of  methane  inter- 
mediate between  that  which  will  allow  it  to  travel  downward  and 
tli at  which  will  allow  it  to  travel  upward.  In  mines  it  is  seldom,  if 
ever,  that  a  uniform  mixture  of  methane  and  air  forms  throughout  a 
large  area  or  that  the  mixture  in  a  particular  place  remains  constant 
for  a  very  long  time.  Hence  the  slightly  different  results  obtained 
under  different  experimental  methods  are  chiefly  of  scientific  interest. 
So  far  as  the  coal  miner  is  concerned,  results  obtained  for  horizontal 
propagation  of  flame  are  of  more  value  than  those  obtained  by  igni- 
tion from  the  bottom  upward.  In  a  mixture  of  about  5  per  cent  of 
methane  the  flame  would,  if  the  mixture  were  ignited  from  below, 
travel  to  the  top  and  perhaps  then  ignite  a  richer  mixture,  through 
which  the  flame  would  travel  horizontally  as  long  as  the  methane 
content  was  more  than  5.5  per  cent  methane,  and  as  long  as  enough 
oxygen  was  present  to  burn  the  methane.  It  is  generally  recognized, 
of  course,  that  the  widespread  devastation  produced  by  explosions 
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in  mines,  are  usually  not  due  to  explosive  mixtures  of  methane  and 
air  extending  throughout  the  workings,  but  to  the  ignition  of  dust-air 
mixtures  by  the  explosion  of  a  pocket  of  methane  and  air.  The  fact 
that  methane  may  be  brushed  from  places  where  it  has  accumulated 
and,  traveling  down  an  airway  usually  free  from  gas,  be  ignited  by 
an  open  flame  or  otherwise,  has  many  times  been  demonstrated. 

EFFECT  OF    LOWERING  OXYGEN  AND  RAISING  CARBON-DIOXIDE 
CONTENT   OF   ME  THANE -AIR   MIXTURES. 

In  coal  mines,  especially  when  the  air  is  not  being  moved  by  a 
fan,  the  composition  of  the  atmosphere  changes  rapidly  at  times. 
The  principal  changes  that  effect  the  explosibility  of  mine  atmos- 
pheres are  those  having  to  do  with  the  absorption  of  oxygen  by  the 
coal  and  the  oxidation  of  coal  to  carbon  dioxide.  Both  of  these 
changes,  if  carried  far  enough,  can  result  in  reducing  the  oxygen  con- 
tent or  in  adding  carbon  dioxide  until  an  explosion  can  not  take 
place,  exen  if  an  explosive  proportion  of  methane  is  present.  There- 
fore, knowledge  of  the  propagation  of  flame  in  limit  mixtures  of 
methane,  carbon  dioxide,  oxygen,  and  nitrogen  is  important. 

DETERMINATIONS    MADE    BY    VARIOUS    INVESTIGATORS. 

Haldane  and  Atkinson  °  were  the  first  to  publish  results  of  experi- 
ments with  this  phase.  The  compositions  of  those  mixtures  contain- 
ing the  smallest  percentage  of  oxygen  that  he  found  would  completely 
inflame  follow.  Haldane  presented  his  results  in  terms  of  black 
damp,  fire  damp,  and  air.  The  authors  recalculated  his  results  to 
show  the  percentage  of  methane,  carbon  dioxide,  oxygen,  and 
nitrogen. 

Table  11. — Compositions  of  inflammable  mixtures  containing  small  percentages  of 

oxygen. 


Constituent. 

Mixture  No. — 

1 

2 

3 

4.21 
12.00 

7.  16 
76.33 

3.58 
13.  24 

6.  B5 
76.33 

3.41 
13.63 

6.  16 
76.50 

Haldane's  experiments  were  made  with  gas  obtained  from  a  coal 
mine.  The  well-mixed  gases  were  passed  into  a  cylinder  the  size 
of  a  lamp  chimney  from  above.  Ignition  was  effected  by  a  small 
flame  from  below.  Other  investigators  who  have  worked  on  this 
phase  of  the  subject  are  Harger,6  Leprincc-Ringuet, c   and  Burgess 

a  Haldane,  J.  S.,  and  Atkinson,  W.  N.,  Investigations  on  the  composition,  occurrence,  and  properties 
of  black  damp:  Trans.  Inst.  Min.  Eng.,  vol.  8,  1804,  1895,  pp.  549,  567. 

6  Harger,  John,  The  prevention  of  explosions  in  mines:  Trans.  Inst.  Min.  Eng.,  vol.  43, 1911-1912,  pp.  132, 
136. 

c  Leprince-Ringuet,  ¥.,  The  inflammability  of  Are  damp  and  other  gases:  Coll.  Guard.,  vol.  108,  Aug. 
14, 1914,  p.  376. 
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and  Wheeler,0  but  the  most  exhaustive  experiments  on  the  expansi- 
bility of  methane-air  mixtures  having  part  of  the  oxygen  of  the  air 
replaced  by  nitrogen  or  carbon  dioxide  or  both  were  performed  by 
J.  K.  Clement,6  of  the  Bureau  of  Mines. 

EXPERIMENTS    BY   CLEMENT. 

Clement's  first  experiments  were  performed  with  the  gases  in  a 
Hempel  explosion  pipette  over  mercury  at  atmospheric  pressure.  A 
spark  from  an  induction  coil  was  applied  near  the  top  of  the  pipette. 

Clement  found  that  the  limits  of  inflammability  were  narrowed  as 
the  oxygen  content  was  diminished,  until  with  14  per  cent  of  oxygen 
the  low  limit  was  6.5  per  cent  of  methane  and  the  high  limit  6.9  per 
cent.  The  inert  gas  present  was  nitrogen.  When  the  oxygen  con- 
tent was  kept  constant  at  20  per  cent  and  part  of  the  nitrogen  replaced 
by  10  per  cent  of  carbon  dioxide  the  low  limit  was  raised  from  5.8  per 
cent  of  methane  to  6.2  per  cent.  When  the  oxygen  was  again  con- 
stant at  20  per  cent,  the  replacement  of  part  of  the  nitrogen  by  a 
carbon-dioxide  content  of  62  per  cent  was  required  to  raise  the  low 
limit  to  8.8  per  cent  of  methane.  Clement  found  that  even  when 
the  oxygen  was  reduced  to  17  per  cent  there  was  no  change  in  the 
inflammability  of  methane-air  mixtures  from  the  limit  observed  with 
20  per  cent  of  oxygen,  which  was  5.8  per  cent.     . 

Another  series  of  results  was  obtained  by  Clement  with  a  steel 
tube  closed  at  both  ends  for  holding  the  mixtures.  The  tube  was 
provided  with  stopcocks,  an  electric-arc  igniter,  a  mixing  device,  a 
window  for  observing  the  flame,  and  an  opening  covered  with  a 
paraffined  paper  diaphragm  through  which  the  pressure  was  released. 
The  igniter  was  designed  so  that  an  arc  could  be  maintained  momen- 
tarily or  for  any  desired  time.  The  arc  was  connected  to  a  220-volt, 
direct-current  circuit,  with  suitable  resistances  in  series  to  give  a 
current  of  1.5  amperes,  and  was  placed  at  the  center  of  the  vessel. 

Under  these  conditions  the  low  limit  of  methane,  with  19  per  cent 
of  oxygen,  was  5.5  per  cent,  0.3  per  cent  lower  than  he  found  by  the 
first  method  of  experimentation.  With  17  per  cent  of  oxygen  the  low 
limit  was  raised  to  5.7  per  cent,  but  even  with  13  per  cent  of  oxygen 
the  mixture  was  explosive  with  any  methane  content  between  6.6  per 
cent  as  the  low  limit  and  6.8  per  cent  as  the  high  limit.  The  second 
series  of  experiments  again  brought  out  the  fact  that  a  large  amount 
of  carbon  dioxide  was  necessary  to  affect  appreciably  the  limits. 

Clement  thinks  that  the  action  of  carbon  dioxide  in  reducing  the 
explosibility  of  methane-air  mixtures  can  be  explained  by  the  high 

a  Burgess,  M.  J.,  and  Wheeler,  R.  V.,  The  propagation  of  flame  hi  limit  mixtures  of  methane,  oxygen, 
and  nitrogen:  Jour.  Chem.  Soc,  vols.  105  and  106,  November,  191-1,  pp.  2596-2605. 

6  Clement,  J.  K.,  The  influence  of  inert  gases  on  inflammable  gaseous  mixtures:  Tech.  Paper  43,  Bureau 
of  Mines,  1913,  24  pp. 
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specific  heat  of  that  gas;  he  found  that  carbon  dioxide  was  more 
effective  in  reducing  explosibility  than  was  nitrogen. 

DISTRIBUTION   OF   METHANE    IN    A   MINE. 

Methane  is  never  distributed  uniformly  throughout  the  mine 
atmosphere,  being  in  some  places  scarcely  or  never  detectable  by 
analysis,  but  in  so-called  still  air  the  variation  may  be  most  marked. 
The  rate  at  which  methane  and  air  mix  depends  to  some  extent  on 
how  the  gas  enters  the  air.  If  the  gas  comes  from  the  upper  part  of 
a  coal  bed  or  from  the  roof  it  will  usually  mix  more  slowly  with  the 
air  than  if  it  issues  from  the  lower  part,  and  if  it  enters  a  steady 
moving  air  current  subject  to  few  obstructions  it  may  tend  to  move 
in  a  layer  along  the  airway  for  a  considerable  distance.  If  there  is, 
in  the  roof  of  a  gaseous  bed,  a  cavity  through  which  the  air  current 
can  not  pass,  fire  damp  may  accumulate  there  in  dangerous  quan- 
tities. In  such  a  pocket  the  bottom  layers  of  gas  are  in  contact  with 
fresh  air,  which  works  its  way  into  the  fire  damp,  thereby  diluting 
the  gas  somewhat,  but  the  bottom  layers  of  the  mixture  contain  more 
air  than  the  upper  layers,  because  of  the  air  moving  past  the  mouth 
of  the  cavity.  In  such  places  in  a  gaseous  mine,  if  the  ventdation 
has  been  interrupted  the  variation  in  methane  content  at  any  par- 
ticular time  will  be  marked,  ranging  from  an  atmosphere  containing 
a  nonexplosive  proportion  of  methane,  through  one  that  is  explosive, 
to  one  that  is  nonexplosive  again,  because  of  too  much  methane  and 
the  absorption  of  oxygen  by  the  coal.  Such  a  range  is  to  be  expected 
only  in  a  sealed  mine  or  portion  of  a  mine.  The  edges  of  atmosphere 
in  an  unsealed  part  of  the  mine  will  be  in  contact  with  air  of  high 
oxygen  content  and  will  be  more  or  less  inflammable.  The  samples 
represented  in  Table  12  following  were  collected  in  different  parts  of 
a  room  in  a  mine  wherein  ventilation  had  been  suspended  because  of 
an  explosion  (principally  gas)  that  had  occurred  therein  about  two 
weeks  before. 

Table  L2.-    Results  of  analysis  of  mine-air  samples,  showing  distribution  of  methane. 


Label 
No. 


2S21 
2825 
2S22 
2823 
2816 
2824 
2818 
2827 


Source  of  sample. 


70  feet  from  face,  near  roof 

70  feet  from  face,  halfway  between  roof  and  lloor 

8  feet  from  face,  near  top 

Upper  left-hand  corner  of  face,  near  top 

Center  of  face 

Center  of  face,  near  top 

75  feet  from  face,  near  top 

Return  air,  near  shaft;  quantity  of  air,  13,400 cubic  feet. 


Composition  of  sample. 


COj 


Per  ct. 
0.4 
.4 
.38 
.3 
.2 
.4 
.2 
.3 


Os.         CH4. 


Per 

19. 

20. 
20. 
19. 

19. 
IS. 
20. 
20. 


Per  ct. 
4.5 
2.5 
4.26 
5.8 
3.5 
7.3 
1.3 
.3 


Per  ct. 
7.").  2 
76.  8 
75.27 
74.5 
77.0 
73.5 
7s.  0 
79.  0 


It  will  be  observed  that  explosive  proportions  of  methane  were 
present  in  the  working  face  near  the  top.     Seventy  feet  from  the  face, 
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near  the  top,  a  high  percentage  existed,  and  halfway  to  the  floor  a 
much  smaller  proportion  was  found. 

COMPOSITION  OF  AIR  IN  DIFFERENT  PARTS  OF  MINES. 

The  oxygen  content  of  mine  air  is  almost  always  less  than  that  of 
normal  air,  usually  only  a  little  less  in  the  moving  current,  but  some- 
times much  less  at  places  where  the  air  is  still,  especially  in  unused  un- 
ventilated  workings.  At  working  faces  the  oxygen  content  may  be 
considerably  below  that  in  pure  air.  Facts  already  gathered  show  that 
the  oxygen  content  in  some  parts  of  mines  may  be  so  low  as  to  render 
methane-air  atmospheres  less  inflammable  than  if  the  methane  is  mixed 
with  pure  air,  and  may  be  such  as  to  render  them  entirely  noninflam- 
mable.  This  condition  probably  seldom,  if  ever,  occurs  in  the  return 
airways  of  a  mine  or  in  any  part  of  the  many  mines  in  which  the  ven- 
tilating current  traverses  the  workings.  In  most  mines  the  oxygen 
content  of  the  mine  air  is  not  low  enough  to  have  any  appreciable 
effect,  but  in  some  the  oxygen  content  at  working  faces  may  be  low 
enough  to  affect  the  inflammability  of  methane-air  mixtures. 

It  is  characteristic  of  an  explosion  of  gas  alone  that  the  length  of 
roadways  affected  is  usually  short,  and  that  the  explosion  is  confined 
to  the  district  within  which  it  starts,  except  in  cases  of  sudden  large 
outbursts  of  gas.  The  explosion  once  started  continues  to  follow 
workings  in  which  an  explosive  mixture  exists,  its  force  depending 
on  the  proportion  of  gas  in  the  mixtures.  Finally  it  ceases  when  it 
reaches  an  atmosphere  that  is  not  an  explosive  mixture. 

The  factors  affecting  explosions  of  coal  dust  and  air  are  not  so  well 
understood  as  those  controlling  gas  explosions.  The  quantity  of 
dust,  its  fineness,  and  its  character  are  of  much  importance.  In 
general  a  coal-dust  explosion  resembles  a  gas  explosion,  but  much 
work  remains  to  be  done  before  the  relative  importance  of  the  various 
factors  is  exactly  determined.  Conditions  peculiar  to  a  mine  invari- 
ably result  in  an  explosion  being  more  violent  in  certain  districts  or  at 
some  points  along  a  gallery  than  elsewhere.  In  some  explosions  the 
damage  has  been  greatest  in  the  intakes,  but  there  is  not  enough 
evidence  at  hand  to  show  that  a  slight  decrease  in  the  oxygen  content 
or  a  slight  increase  in  the  carbon  dioxide  content  of  the  mine  air,  as,  for 
instance,  between  intake  and  return  air,  is  of  importance  in  affecting 
the  violence  of  coal-dust  explosions. 

ANALYSES  OF  SAMPLES  OF  AIR  COLLECTED  IN  DIFFERENT  MINES. 

There  follow  the  results  of  analyses  of  air  samples  collected  in 
different  bituminous-coal  mines.  Many  of  the  samples  were  col- 
lected by  G.  S.  Rice,  chief  mining  engineer,  of  the  Bureau  of  Mines, 
and  his  associates. 
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Table  13. — Results  of  analyses  of  air  samples  collected  in  various  mines. 


Labo- 
ratory 
No." 


4221 
4135 

4075 
4072 
4073 
4074 
4066 
4034 
4008 
4009 
3774 
3731 

3717 
3716 
34S3 

3400 
3101 
3355 
3275 
3271 
32C9 
3188 
3167 
31C3 
3111 
3112 

3104 
3103 
3108 

30C6 
3067 
3068 
3009 
30  !2 
3044 

30.0 
3022 

2i  9  '. 

._,,,,,, 

2700 
2621 
2622 
2625 
2607 
2597 
2592 
2654 
2229 
2231 
1962 
1961 


Source  of  sample. 


Mine 
No. 


11 
11 
12 
13 
14 
15 
16 
17 
18 
19 
19 

6  20 
b  20 
6  20 
21 
21 
21 
22 
22 
22 

23 
23 
24 
24 
24 
25 
25 
25 
26 
27 
28 
29 
30 
30 
31 
31 


Place  in  mine. 


Main  air  course  near  fan 

Return  air  course,  on  slope 

Main  return  at  upcast  shaft 

One  of  entries 

do 

Crosscut  between  2  entries 

Main  return,  50  feet  from  entrance 

Main  return  air  course 

One  of  working  fans 

Return  air  course  near  exhaust  fan 

Top  of  upcast  shaft 

Mam  return  airway  at  bottom  of  upca  it 

shaft 

Main  return,  25  feet  inbyfrom  fan 

Face,  40  feet  inby  last  crosscut 

Main  south  return  at  point  of  delivery  to 

upcast 

Fate  of  air  course 

Main  return  air  course 

Back  air  course,  30  feet  from  shaft 

Main  return,  10  feet  from  drift  opening 

R  et urn  air 

Main  return 

Main  return  at  foot  of  air  shaft 

Main  return,  60  feet  from  pit  mouth 

Main  return  air  course,  20  feet  in  by  fan 

25  feet  inside  of  last  crosscut 

Main  return  airway,  100  feet  from  bottom 

of  fan  shaft 

Under  overcast,  800  feet  from  shaft 

3  entries 

4  entries 

Entry 

E  ntry  return 

Main  return 

Main  return  airway 

Entry 

Face  of  room  off  entry  in  which  sample 

30 12  was  collected 

Main  return  air  course,  500  feet  from  shaft.. 

Face  of  entry 

Return  air  in  upcast  shaft 

Face  of  stub 

Entry  that  was  return  of  30  rooms 

Return  of  right  side  of  mine 

do 

Return  of  entry  on  right  side  of  mine 

Main  return,  just  north  of  shaft 

Return  from  entry 

Entry 

1  Jet  urn  from  (i  entries 

Working  face 

Entry  near  upcast  shaft 

Entry 

Face  of  room 


Quantity 

of  air  in 

ventilating 

current. 


Cu.ft.  per 
minute. 
75,075 


36,5*2 
23Jio6 


S.640 


58,100 


(«) 

23,120 
55,620 
41,510 
19, 080 
7,500 
38, 700 
38, 700 
93,400 
97,000 


28,170 
120,666 


42,400 
42,400 


15,770 


13,860 

4,6S0 


1 ,  160 

11.  lis 


Composition  of  sample. 


C02 


Perct. 

0.09 

.21 

1.00 
.48 
.53 

1.21 
.09 
.14 
.09 
.16 
.10 

.17 

.12 
U4 

.09 
.12 
.33 
.10 
.25 
.17 
.04 
.11 
.38 
.28 
.35 

.  .17 
.24 
.07 
.23 
.08 
.17 
.10 
.23 
.10 

.47 
.07 
.12 
.03 
.03 
.05 
.78 
.88 
.50 
.91 
.80 
.61 
.70 
.23 
.28 
.03 
.IS 


Pact. 
20.56 
20.52 
19.31 
20.02 
20.10 
19.39 
20.46 
20. 56 
20.44 
20.63 
20.74 

20.65 
20. 84 
20.59 

20.50 
20.63 
20.40 
20.85 
20.26 
20.64 
20.88 
20.53 
20.49 
20.46 
19.47 

20.71 
20.70 
20.  50 
20.30 
20.35 
20.55 
20.54 
20. 46 
20.44 

20.00 
20.70 
20.66 
20.15 
19.94 
20.55 
17.71 
17.66 
19.72 
19.15 
1  \  75 
19.12 
18.90 
20.45 
20. 23 
20.  86 
19.86 


CH4. 


Peret. 

0.19 
.00 
.05 
.02 
.07 
.07 
.01 
.00 

1.95 
.42 
.22 

.24 
.10 
.51 

.23 
.72 
.46 
.05 
.29 
.60 
.02 
.48 
.03 
.00 
3.12 

.18 
.29 
.15 
.90 
.93 
.20 
.21 
.09 
.33 

.29 
.(is 
.29 
.29 
.48 
.16 
.89 
.85 

1.01 
.26 
.12 
.20 
.13 
.42 
.05 
.25 

3.21 


N». 


Perct. 

79.16 

79. 27 
7  '.'.1 
79.48 
79. 30 

79.  14 

79.  30 

77.  52 

7a  7;  • 

78.94 

78.94 
78. 94 
78.76 

79.18 
78.53 
78.81 
79.00 
79.20 

78.  59 

79.  06 
78.88 
79.10 
79.  26 
77.06 

78.94 

78.  77 
79.28 
78.57 
78.64 
79.08 

79.  15 
79.22 
79.  13 

79.24 
7:).  15 
78. 93 
79. 53 
79.55 
79.24 
80. 62 
80.61 

78.  77 

79.  6S 

80.  33 
80.07 
SO.  27 
78. 90 
79.44 
78.  B6 
76.75 


o  Air  still. 

6  An  explosion  had  occurred  in  the  mine  several  days  prior  to  collection  of  sample. 

Table  13  shows  the  results  of  analyses  of  51  samples  of  mine  air, 
from  31  mines.  The  oxygen  content  of  12  of  the  samples  was  less 
than  20  per  cent.  Three  of  the  12  were  collected  at  working  faces 
or  other  phices  where  the  air  was  still.  The  other  9  were  collected 
in  the  moving  air  current.  Sample  4075  contained  1  per  cent  of 
carbon  dioxide  and  19.31  per  cent  of  oxygen,  proportions  that  are 
unusual  in  the  return  air  .of  a  mine.  That  a  large  part  of  the  mine 
contained  an  atmosphere  rather  high  in  carbon  dioxide  and  low  in 
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oxygen  is  shown  by  the  analyses  of  the  other  three  samples  col- 
lected from  the  same  mine— laboratory  Nos.  4072,  4073,  and  4074. 

Another  mine  in  which  the  atmosphere  was  markedly  deficient  hi 
oxygen  is  represented  by  samples  Nos.  2621,  2622,  and  2625.  Even 
in  the  main  return  (laboratory  Nos.  2621  and  2622),  where  the  quan- 
tity of  air  passing  was  42,400  cubic  feet  per  minute,  the  oxygen  con- 
tent was  only  17.71  per  cent. 

Laboratory  experiments  on  the  explosibility  of  gases  have  shown 
that  the  oxygen  content  must  be  reduced  lower  than  in  any  of  the 
atmospheres  represented  in  Table  13  to  appreciably  change  their 
explosibility. 

CHANGE    IN   COMPOSITION   OF   MOVING   MINE    AIR. 

The  samples  represented  in  Table  14  were  collected  in  a  mine  in 
West  Virginia,  and  their  analyses  are  given  to  show  the  changes  in 
the  mine  ah  as  it  traversed  the  workings.  The  sampler  started  at 
the  intake  and  followed  the  air  for  15,140  feet,  traveling  from  the 
intake  shaft  to  a  point  close  to  a  working  face,  and  taking  samples 
at  different  places. 

Table  14. — Results  of  analyses  of  mine-air  samples,  showing  change  in  composition 
according  to  source  of  sample. 


Samplo 
No. 

Distance 
from  shaft. 

co2 

o2 

CH< 

N2 

Feet. 

Per  cent. 

Per  cent. 

Per  cent. 

Per  cent. 

1 

750 

0.04 

20.90 

0.04 

79.02 

2 

1,400 

.04 

20.90 

.03 

79.03 

3 

2,400 

.05 

20.88 

.01 

79. 00 

4 

3,200 

.09 

20.81 

.00 

79.10 

5 

3,900 

.06 

20.89 

.01 

79.04 

C 

4,575 

.07 

20.92 

.02 

78.99 

7 

5,275 

.09 

20.90 

.01 

79.01 

8 

5,950 

.06 

20.81 

.03 

79.10 

8a 

7,375 

.25 

20.48 

.67 

78.60 

9 

8,775 

.14 

20.66 

.26 

78.91 

10 

10, 275 

.09 

20.76 

.28 

78.87 

11 

11,875 

.12 

20.  73 

.32 

78.83 

12 

13,375 

.12 

20.67 

.33 

78.88 

13 

14,075 

.16 

20.61 

.35 

78. 88 

14 

14,025 

.18 

20.02 

.35 

78.  87 

15 

14,5C5 

.14 

20.64 

.35 

78. 87 

16 

15, 140 

.16 

20.63 

.37 

7S.90 

Sample  3  was  collected  in  an  entry  about  400  feet  from  where  it 
turned  off  the  main  intake.  Sample  8a  was  collected  at  a  working 
face  where  the  air  was  still;  hence  the  low  oxygen,  high  methane, 
and  high  carbon  dioxide  percentages  as  compared  with  similar  values 
in  the  other  samples. 

The  progressive  change  is  well  shown  by  the  analyses.  The  air, 
from  being  almost  pure  750  feet  from  the  intake  shaft,  slightly 
changed  in  composition  as  it  traversed  the  workings  until  the  carbon 
dioxide  content  rose  to  0.16  per  cent,  the  oxygen  fell  to  almost  20.61 
per  cent,  and  the  methane  rose  to  0.37  per  cent.     At  the  working 
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faces,  where  the  air  was  still,  even  greater  changes  would  occur,  as 
shown  by  the  analysis  of  sample  8a,  but  the  experiments  had  refer- 
ence principally  to  moving  air. 

ANALYSES  OF  SAMPLES  OF  MINE  AIR  COLLECTED  AFTER  AN 
EXPLOSION   IN   THE    MINE. 


The  results  of  analyses  presented  in  Table  15  following  represent 
samples  of  air  collected  in  different  parts  of  a  mine  after  the  resump- 
tion of  work  and  the  reestablishment  of  normal  conditions  in  a  mine 
where  a  disastrous  explosion  had  occurred.  Open  lights  had  been 
used  and  no  gas  had  been  reported  by  the  working  force  prior  to  the 
explosion.  As  regards  samples  taken  under  such  conditions  it  will 
be  noted  that  in  only  two  was  the  oxygen  content  exceedingly  low, 
and  this  was  due  to  the  presence  of  large  quantities  of  methane. 


Table  15. — Results  of  analyst 


of  mine-air  samples  collected  after  an  explosion  in  the 
m  Inc. 


Aniih  - 
sis  No, 


Source  of  sample. 


Quantity 
of  air  per 
minute. 


Cavity  in  roof  of  entry 

30  feet  from  face  of  room 

Entry  return 

Mouth  of  drill  hole  at  face  of  room . 

Face  of  heading 

Entrv 

do 

do 

Cavity  in  roof,  130  feet  from  face. . . 
Over  fall  in  entrv 


Cubic  feet. 
(») 
(?) 
17,292 


12,850 

22,600 
19, 880 


(") 


Composit  ion  of  sample. 


C02 


Per  ct. 
0.35 
.06 
.OS 
.51 
.61 
.20 
.33 
.09 
.49 
.15 


Per  ct. 
15.82 
20.  40 
20.79 
19.50 
18.91 
20.16 
20.22 
20.48 
19.  73 
12.91 


cm 


P<  r  ct. 

19.  32 

1.53 

.37 

2.25 

..80 

.36 

.06 

.00 

1.15 

24.61 


Per 

61. 
78. 

7a 

77. 
79. 
79. 
79. 
79. 
7S. 
62. 


Total. 


Per  ct. 
100.00 

loo.  oo 

100. 00 
100.  (X) 
100.  00 
100.00 
100.  00 
100.00 
100.00 
100.  00 


a  Air  stationary. 
NOTES  ON  SAMPLES. 

Laboratory  No.  1818.  No.  2  analysis.  Sample  collected  30  feet  from  face  of  room. 
Air  stationary. 

Laboratory  No.  1817.  No.  3  analysis.  Sample  collected  in  entry  return.  Quan- 
tity of  air,  17,292  cubic  feet  per  minute. 

Laboratory  No.  1816.  No.  4  analysis.  Sample  collected  from  mouth  of  drill  hole 
at  face  of  a  room. 

Laboratory  No.  1815.     No.  5  analysis.     Sample  collected  at  face  of  a  heading. 

Laboratory  No.  1S12.  No.  G  analysis.  Sample  collected  in  one  of  the  entries. 
Quantity  of  air,  12,850  cubic  feet  per  minute. 

Laboratory  No.  ISO!).  No.  7  analysis.  Sample  collected  in  one  of  the  entries. 
Quantity  of  air,  22, GOO  cubic  feet  per  minute. 

Laboratory  No.  1808.  No.  8  analysis.  Sample  collected  in  one  of  the  entries. 
Quantity  of  air,  19,8S0  cubic  feet  per  minute. 

Laboratory  No.  1S0G.  No.  !)  analysis.  Sample  collected  from  cavity  in  the  roof, 
130  feet  from  face. 

Laboratory  No.  L804.  No.  10  analysis.  Sample  collected  over  fall  in  entry.  Air 
stationary. 
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Investigators  of  the  bureau  have  analyzed  many  samples  of  mine 
air  besides  those  shown  here,  but  enough  results  are  presented  to 
show  the  general  composition  of  atmospheres  in  the  returns  and  in 
other  parts  of  mines.  They  all  tell  the  same  story;  .in  ventilated 
parts  of  mines  there  is  seldom  enough  variation  in  the  oxygen  and 
carbon  dioxide  contents  of  the  different  atmospheres  to  affect  sensibly 
the  inflammability  of  methane-air  mixtures.  Of  course  in  mines 
artificial  atmospheres  could  be  produced  with  oxygen  contents  low 
enough  to  prevent  all  explosions;  however,  the  oxygen  would  have 
to  be  unduly  low,  so  that  the  idea  has  not  met  with  much  favor  to 
date.  Such  atmospheres  would  be  difficult  to  produce,  would 
impair  lighting  with  oil-flame  lamps,  and  probably  would  be  injurious 
to  the  health  of  miners. 

SUMMARY. 

LOW   LIMIT. 

1.  The  smallest  proportion  of  methane  in  mixtures  of  methane  and 
air  that  permitted  self -propagation  of  flame  was  4.9  per  cent.  This 
result  was  obtained  in  a  box  5f  feet  high  and  having  a  capacity  of 
5f  cubic  feet.  Ignition  was  effected  from  the  bottom  upward  by 
means  of  an  electric  flash  produced  by  pulling  apart  two  copper 
wires  through  which  a  current  of  7  amperes  at  220  volts  was  flowing. 
The  box  was  closed  at  both  ends,  but  a  thin  paper  diaphragm  at  the 
top  allowed  a  vent  for  the  burned  gases. 

2.  Under  the  same  conditions,  except  that  ignition  was  from  the 
top  and  the  paper  diaphragm  was  at  the  bottom,  the  smallest  per- 
centage of  methane  that  allowed  self -propagation  of  flame  the  entire 
length  of  the  box  was  between  5.4  and  5.5  per  cent. 

3.  With  the  same  conditions  as  under  2,  except  that  the  paper- 
covered  aperture  was  at  the  top,  the  low  limit  obtained  was  between 
5.7  and  5.8  per  cent  of  methane. 

4.  With  the  box  in  a  horizontal  position  the  value  obtained  was 
between  5.5  and  5.6  per  cent  of  methane.  This  limit  is  the  most 
important  as  regards  the  application  of  the  results  to  coal  mining. 

5.  With  a  Hempel  explosion  pipette  and  with  ignition  at  the  top, 
there  was  obtained  a  value  between  5.5  and  5.6  per  cent  of  methane. 

6.  With  a  2,800-c.  c.  vessel  12  inches  high  and  5  inches  wide,  and 
with  ignition  at  the  bottom,  there  was  obtained  a  value  close  to  5 
per  cent  of  methane. 

HIGH    LIMIT. 

7.  The  upper  limit  of  self -propagation  of  methane-air  mixtures 
was  between  13.4  and  13.9  per  cent  of  methane  when  ignition  was 
from  the  top  in  an  iron  pipe  7  feet  long  and  12  inches  in  diameter, 
and  ignition  was  caused  by  pulling  apart  two  copper  wires  through 
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which  a  current  of  7  amperes  at  220  volts  was  flowing.  A  paper- 
covered  aperture  placed  at  the  top  of  the  box  gave  a  vent  for  the 
burned  gases. 

8.  Under  the  same  conditions  of  experiment  as  described  under  7, 
except  that  ignition  was  from  the  bottom,  there  was  obtained  a 
value  between  15  and  15.4  per  cent  of  methane. 

9.  Using  a  Hempel  explosion  pipette,  with  ignition  at  the  top,  a 
value  lying  between  12.4  and  13.2  per  cent  of  methane  was  found 
as  the  high  limit.  A  small  spark  from  an  induction  coil  was  the 
source  of  ignition. 

OTHER   RESULTS. 

10.  Of  the  results  obtained,  those  that  have  reference  to  horizontal 
propagation  are  most  important  as  regards  mining.  With  horizontal 
propagation  the  low  limit  ranged  from  5.5  to  5.6  per  cent  of  methane. 
The  upper  limit  would  be  intermediate  between  the  values  given 
for  upward  and  downward  flame  propagation  and  would  bo  about 
14.9  per  cent  of  methane. 

11.  Clement  found  that  the  addition  of  10  per  cent  of  carbon 
dioxide  only  raised  the  low  limit  from  5.8  to  6.2  per  cent  of  methane. 
When  he  kept  the  oxygen  constant  at  20  per  cent,  it  required  the 
replacement  of  part  of  the  nitrogen  by  62  per  cent  of  carbon  dioxide 
to  raise  the  low  limit  to  8.8  per  cent  of  methane. 

12.  Clement  also  found  that  the  oxygen  content  could  bo  reduced 
to  17  per  cent  when  the  low  limit  would  be  raised  only  0.2  per  cent 
above  that  obtained  with  20  per  cent  of  oxygen.  From  17  per 
cent  of  oxygen  downward,  however,  the  limits  change  rapidly  until 
with  13  per  cent  of  oxygen  the  low  limit  is  6.6  per  cent  of  methane 
and  the  high  limit  is  6.8  per  cent. 

13.  Analyses  of  mine  air  collected  in  a  gaseous  part  of  a  mine  in 
which  an  explosion  had  occurred  some  time  previous  showed  explo- 
sive proportions  of  methane  at  the  working  face  near  the  top,  and  a 
high  proportion  70  feet  from  the  face  near  the  top,  whereas  at  the 
face  but  halfway  to  the  floor  the  proportion  was  much  smaller. 

14.  In  12  samples  of  mine  air,  out  of  51  samples  from  31  mines,  the 
oxygen  content  was  less  than  20  per  cent.  Three  of  the  12  were 
collected  at  places  where  the  air  was  still,  and  9  were  collected  in  the 
moving  current.  The  highest  proportion  of  carbon  dioxide  found 
was  1  per  cent  in  return  air.  At  another  mine,  where  42,400  cubic 
feet  per  minute  of  air  was  passing,  the  oxygen  content  was  17.71  per 
cent. 

16.  The  results  of  analysis  of  a  series  of  samples  show  tho  change 
in  chemical  composition  mine  air  underwent  as  it  traversed  cer- 
tain workings  of  amine.  The  air,  from  being  almost  pure  at  the 
intake,  gradually  changed  in  composition,  the  carbon  dioxide  con- 
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tent  rising  to  0.16  per  cent,  the  oxygen  content  falling  to  20.63  per 
cent,  and  the  methane  content  rising  to  0.37  per  cent  over  a  distance 
of  15,140  feet. 

17.  Analyses  are  presented  of  another  series  of  samples  that  were 
taken  from  a  mine  wherein  a  disastrous  explosion  had  occurred 
some  time  previously.  The  highest  proportion  of  methane  was 
24.61  per  cent,  the  lowest  oxygen  content  was  12.91  per  cent,  and  the 
highest  carbon  dioxide  content  was  0.51  per  cent. 

18.  As  the  result  of  its  work  the  bureau  finds  that  in  ventilated 
mines  there  is  seldom  enough  variation  in  the  oxgyen  and  carbon 
dioxide  contents  of  the  different  atmospheres  to  affect  sensibly  the 
inflammability  of  methane-air  mixtures.  In  mines  that  are  not 
ventilated,  and  in  sealed  areas,  different  conditions  prevail. 
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